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Abstract lodine-enhanced synchrotron stereotactic radioffye(@SR) takes advantage of
the radiation dose-enhancement produced by highlements when irradiated with

monoenergetic beams of synchrotron X-rays. In #tigly, we have investigated whether
therapeutic efficacy could be improved using a tigyne analogue: 5-iodo-2'-deoxyuridine
(IUdR), as a radiosentizing agent. [IUdR was adrtenesl intracerebrally (i.c.) over 6 days to
F98 glioma-bearing rats using AlZetosmotic pumps, beginning 7 days after tumor
implantation. On the 4 day, a single 15 Gy dose of 50 keV synchrotronaysrwas

delivered to the brain. Animals were followed uritile time of death and the primary
endpoints of this study were mean and median sairtimes. The median survival time for
irradiation alone, chemotherapy alone or the coatiin were 44, 32 and 46 days,
respectively, compared to 24 days for untreatedralsn Each treatment alone significantly
increased the rats’ survival in comparison withihéeated group. Their combination did not
however significantly improve survival compared tbat of X-irradiation alone or

chemotherapy alone. Further studies are requiredntterstand why the combination of

chemo-radiotherapy was no more effective than Xdiation alone.

Keywords: Glioma; IUdR; Intracerebral delivery; Osmotic pump; Synchrotron;
Radiation therapy.

1. Introduction

High grade gliomas are almost uniformly fatal despggressive multimodality treatments
(Behin et al., 2003, Croteau & Mikkelsen, 2001). Efforts to irope their prognosis using
innovative radiation therapy techniques have inetlidstereotactic radiosurgery (Phillips
al., 1994), intensity modulated radiation therapy (@ale et al., 1998), boron neutron
capture therapy (Bartlet al., 2005), Auger electron emitter therapy (KassisQ30and
synchrotron strereotactic radiotherapy (SSR) (Adaal., 2003, Adanet al., 2006, Bistoret
al., 2004, Rousseau, Boudou, Bashal., 2007). In iodine enhanced-SSR, the tumor is
selectively loaded with an iodinated compound amehtstereotactically irradiated with a
monochromatic beam of 50 keV X-rays, restrictedh® tumor volume, as determined by

imaging. The resulting radiation geometry produaesharp dose distribution around the
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tumor. In addition, the fluorescent X-rays, phosotions, and Auger electrons generated by
the photoelectric effect on the high-Z element atgroduce a localized dose-enhancement
(Rousseau, Boudou, Estesteal., 2007, Boudowt al., 2005, Boudowt al., 2004). The use of
X-rays with energies in the 10-100 keV range i®ep8al for the success of this approach, due
to the prevalence of the photoelectric effect aséhenergies. In contrast, X-rays produced by
medical accelerators (5-25 MV), would provide |#san 10% dose-enhancement from the
photoelectric effect (Robagt al., 2002). The tunable and intense monochromatic yX-ra
beams, generated with synchrotron sources, therefme essential for optimizing the
therapeutic efficacy of this treatment. For theadiation of rats and mice, iodine dose-
enhancement is maximum for X-ray energies of ~30 &ed can reach 250% in the presence
of an iodine contrast agent at a concentrationOomg/mL (Adamet al., 2003, Cordest al.,
2004, Estevet al., 2002).

We recently have shown that suitable iodine bidrithigtions could be obtained in F98 rat
glioma, by intracarotid or intravenous (i.v.) infus of the iodinated contrast agent
(lomerorf) in combination with the intracarotid infusion mfnnitol to transiently disrupt the
blood brain barrier (Adaret al., 2005, Adanet al., 2006). A significant improvement in the
survival of F98 glioma-bearing rats was obtainecemlithe animals were irradiated in the
presence of iodine (dosgsl5 Gy) compared with irradiation alone (Adanal., 2006),
although no long-term survivors were observed at gtudy. The failure of iodine-enhanced
SSR to cure these rats may have been due to lditypndo uniformly produce lethal DNA
damage. Since iodinated contrast agents remaiheirextra-cellular space (Lorussbal.,
1994), the 17 keV photoelectrons emitted by ioditems have a limited range ( ~10 pm),
and produce a small amount of DNA damage. To imptbe effectiveness of SSR, we have
investigated the possible use of stable iodingripmrated into the DNA of tumor cells via 5-
iodo-2'-deoxyuridine (IUdR), in combination with 3@V X-rays to generate a cascade of
Auger electrons (Fairchilét al., 1982). This can be produced by using either eadive
IUdR, labeled with an Auger emitter such'4% or '*1 (Bodei et al., 2003), or stablé®l-
IUdR and external X-rays with energies above thedge of iodine (Berry & Kinsella, 2001).

It has been shown that 95% of Auger electrons lemezgies below 3 keV with high linear
energy transfer (LET). These particles would haygeater relative biological effectiveness
comparable to that af particles (Karnast al., 1999). Monte Carlo simulations have shown
that these high-LET particles could produce mowrmtone DNA double-strand break per
decay, and therefore they should be lethal to tleis have incorporated IUdR (Terrissbl
al., 2004).

Karnaset al. have shown, both theoretically and experimentaligt the optimum energy
for obtaining the maximum dose-enhancement in pesef IUAR is not just above the
iodine K-edge (33.17 keV) but at a higher energp@fkeV (Karnast al. 1999). We have
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come to a similar conclusion using the SQ20B squemcells pre-treated with non-
radioactive IUdR. The optimal energy for producingaximum radio-sensitization was
50 keV, and not 33.5 keV (Cordat al., 2004). Due to the very short range of Auger
electrons, iodine atoms must be incorporated imoINA of tumor cells in order to produce
DNA damage. Since IUdR is transported through #lé membrane and incorporated into
DNA in competition with thymidine (Thd) during tH& phase of the cell cycle, it is a very
good radiosensitizer. Efficient radio-sensitizatias been obtained with Thd analogs and the
effect is dependent on both a sufficient uptak#hefanalog into DNA on a per cell basis, and
on maximizing the proportion of cells with Thd rapément (Doiroret al., 1999, Kassist

al., 1998, Kinsellat al., 1987). Prolonged and locoregional administratibradioactive**-
IUdR was effective in treating the rat 9L gliosar@with a 10-20% cure rate (Kassisal .,
1998). Several clinical trials are underway to eatd the therapeutic efficiency of this
treatment (Bodegt al., 2003). Mairset al. have shown that a single injection of 0.37 MBq of
129_|UdR in 10pL labeled only 6% of tumor cells in C6 glioma-beayirats whereas similar
amounts of*?1-IUdR released from polymer or infused continugusla an osmotic pump
labeled 22% and 34% of tumor cells, respectivelgi(skt al., 2000). Using xenograft model
for a head and neck cancer, Harringtnal. obtained their best results with pegylated
liposome-encapsulated IUdR (PLIUdR) administereer dvdays (Harringtoet al., 2004).

In the present study, we have evaluated the fdigibnd therapeutic potential of SSR
combined with locoregional administration Bfl-ludR. Total iodine tissular content in rat
brain was measured by Inductively Coupled PlasmasM#pectrometry (ICP-MS) and the
intracellular localization of iodine was determindsy Nano Secondary lon Mass
Spectroscopy (Nano-SIMS), which is an analyticaaging technique (Guerquin-Kesbal.,
2005, Usamet al., 2008).

2. Materials and Methods

2.1. Animals and tumor implantation

Male Fischer rats (240-280 g) were purchased frovari€s River Laboratory (L'Abresles,
Rhoéne, France). All operative procedures and anicaaé were in conformity with the
Guidelines of the French Government (Décret 87-848 of October 1987, licences # 7593
and # A38185-10002) and were approved by the Earoj@ynchrotron Radiation Facility
Ethical Committee. The F98 rat glioma has beenawafed botln vitro andin vivo and has
proven to be a useful model to evaluate a variéttherapeutic modalities (Barth, 1998).
Cells routinely were cultured as monolayers in [Rolto’'s Modified Eagle’'s Medium
(DMEM) (Gibco-Invitrogen-France, Cergy-Pontoiseafee) supplemented with 10% fetal

bovine serum, penicillin, and streptomycin. For euntell implantation, the rats were
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anesthetized by inhalation of isoflurane followeg dn intraperitoneal (i.p.) injection of
ketamine 64.5 mg/kg of body weight (b.w.) mixed twikylazine 5.4 mg/kg of b.w.
Supplemental i.p. injections of ketamine and xylazivere administrated, as needed, to
maintain sedation. The animals’ eyes were lubritatéth an ocular lubricant. For these
experiments, 1000 F98 cells in 10 pL of serum-Ip&EM (containing 1% agarose with a
gelling temperature <30°C) were stereotacticallyplanted into the right caudate nucleus
(3.5 mm right to the bregma and 5.0 mm in depththefrats. A syringe pump (model KDS
310, GENEQ inc., Montréal, Québec, Canada) was tedutirectly on the stereotactic frame
(David Kopf Instruments, Tujunga, California, USAnd the syringe (model 702 N,
Hamilton) was attached to the pump. A 22s-gaugellresas first inserted, 3.5 mm to the
right of the bregma to a depth of 5.5 mm from tkells and then withdrawn to its target
depth in the brain (5.0 mm from the skull surfadellowing which F98 cells were injected
over 16 seconds. The needle was left in placerfadaitional 2 minutes and then withdrawn
slowly. The burr hole was then filled with bone waxd the operative field was cleaned with

betadine before closure of the scalp incision.

2.2. Chemotherapeutic agents and intracerebral infusion

Stable dry 5-iodo-2'-deoxyuridiné?{-lUdR) was obtained from Sigma-Aldrich (Fluka
BioChemika). The IUdR powder was first solubilized in di-mgthsulfoxide (DMSO)
(Sigma-Aldrich). Sterile water then was added ttawba final concentration of 20 mg/mL of
IUdR in 50% DMSO. In our previous studies, it wastablished that rats tolerated i.c.
infusion of drugs solubilized in 50% DMSO and adistiered by Alzet osmotic pumps over
72 hours (Bartlet al., 2004). Alzet osmotic pumps (model #2001) and Afzétain infusion
kits (model #2, rigid stainless-steel cannula, 5r@Bgauge) were purchased from Charles
River Laboratories (L’Abresles, Rhéne, France). Tseotic pumps were filled with the
IUdR solution and stored in the dark in a sterdéine (9%) solution at 37 °C for 24 hours
prior to implantation. Seven days later, the ragésenanesthetized as previously described, and
the pump was inserted subcutaneously in a pockaten with a hemostat into a mid-scapular
incision on the rat's dorsum with a sufficient ambaof catheter tubing to permit free motion
of the animal’'s head and neck. The distal end efdhtheter was connected to a 28-gauge
brain infusion cannula, which was inserted stedmally to a depth of 5 mm from skull
surface and the cannula was fixed with surgicaé glithe Alzet pump was left in place from
day 7 to day 13 after tumor implantation, duringahhtime the animals received an infusion
of ¥1-lUdR (20 mg/mL), delivered at a rate of 1 pL/h.
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2.3. In vivo uptake of IUdR in F98 glioma-bearing rats

For Inductively Coupled Plasma Mass Spectrome@P{MS) and Nano Secondary lon
Mass Spectroscopy (Nano-SIMS) analysis, F98 glibearing rats received an i.c. infusion

of IUdR delivered by osmotic pumps, as describem/ab

2.3.1. ICP-MS: Tissue preparation for iodine quantification

Following infusion, the animals were euthanized ati@ brains were removed
immediately and stored at -80°C until sample prafpam. Five samples of brain were taken:
three, contiguous, 2 mm coronal sections were tdk@n the tumor area, the second one
being located at the injection site. The fourthiisacwas taken from ipsilateral tumor-bearing
right hemisphere at the site of tumor implantatieamd the last was taken from the
contralateral, non-tumor bearing, left, cerebrathisphere.

Brain samples were dried for 2 days at 60°C andyhesl. lodine contents (pg/g dry
weight) were quantified as previously describedigkdimet al., 2008). Briefly, samples were
acidified with ultrapure 65% nitric acid (Normatoguiality grade, VWR Prolabo, Fontenay
sous Bois, France) and dissolved in ultrapure wageline concentrations were measured
using an X7 series quadrupole Thermo Elemental rajyma (Thermo Electron Corporation,
Cergy-Pontoise, France) calibrated with a SPEX iBep standard (Jobin Yvon,
Longjumeau, France). Rhodium, rhenium and berylliwere used as internal standards
(1pg/L) and the SRM 1640 certified solution (NISJSA) was analysed at the beginning of

each experiment to control the quality of tracemasts analysis.

2.3.2. Nano-SIMS: tissue preparation and analysis

Imaging by Nano-SIMS was used to assess the sulardibcalization of iodine in tumor.
Once anesthetised, the rat received an intracapdidasion of formaldehyde (4%) by means
of a peristaltic pump (Roth Cyclo Il, R&thin order to fix the tissue. The brain then was
removed and stored in formaldehyde (Roti® - Histdf0%; Roth Sochiel, France), until
1 mn? samples were cut, corresponding to the injectittn $hese samples were embedded
in an epoxy resin and then cut in 0.300 um segatiens, one of which was stained with
toluidine blue for histological examination, ane tbthers were placed on silicon holders for
SIMS analysis or on glass slides for light micrggcolhe imaging of the iodine atoms was
determined using a Nano-SIMS-50™ ion nanoprobe (E&W, Gennevilliers, France)
operated in scanning mode. This technique, base&ewmondary lon Mass Spectrometry
(SIMS), allows direct identification of chemicaleetents with a high degree of sensitivity
and specificity and can be used for chemical mappinvisualize the elemental distribution

of different atomic species. The instrument is ppgad with a magnetic spectrometer using a
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parallel detection system that could acquire siamdbusly data up to five atomic species
with different masses. The magnetic field is setiétect the heaviest mass (in the present
study m=127) on one of the largest radius detectors. dther movable detectors were
positioned to detect CNP and Sat the mass respectively of 26, 31 and 34. We halazted
the isotope 34 of sulfur rather than the more ahuoh@2 isotope due to the magnetic field
used to detect iodine and the limitation with spgdietween adjacent detectors that does not
allow simultaneous detection 8P and®’S. The primary ion beam is generated from a
cesium source with an energy of 16 keV and itsnsitg was around 5 pA for typical
experiments, with a probe size of ~ 150 nm in dt@mé&efined as 16—84% rise distance of
the signal intensity). The probe was stepped dversample in a 256 x 256 pixel raster of
40 um to generate secondary ion images. The tygigall time was 15 ms/pixel. The image
processing was performed using ImageJ, a publicado@ava image processing program
(Abramoff, 2004) to obtain a proper co-localizatioh the observed structures on the
processed maps for all of the ion species. Theseepsed elemental maps could then be

correlated with the light microscope images.

2.4. Irradiation protocol

Animals were irradiated with a single 15 Gy dosenwnochromatic X-rays from the
European Synchrotron Radiation Facility (ESRF) Ilieamline, according to the procedure
described elsewhere (Adamt al., 2006, Bistonet al., 2004). Briefly, the right cerebral
hemisphere was centered on the rotational axistlmdeam dimensions were adjusted to
10 mm x 1 mm. The complete irradiation was perfatnmwéh continuous rotation of the rat in
15 adjacent 360° arcs, so that the planning tamjatme encompassed a cylinder of 10 mm in
diameter and 15 mm in height. The prescribed désEsdsy at the site of the tumor was
determined by means of Monte-Carlo simulations (BaLet al., 2005, Boudowt al., 2004).
Rats that received IUdR were irradiated with 50 ke¥nochromatic X-rays, corresponding
to the maximum dose-enhancement obsemeftiro (Cordeet al., 2004, Karnast al., 1999)
3D synchrotron radiation quantitative computed tgraphy (SRCT) of the rat head was
performed before radiation therapy (skin entranemydose: 0.15 - 0.20 Gy) without the
injection of a contrast agent. The images were @isetumor centering and dosimetry. The
rats were randomly divided into 4 groups as folldy:Untreated controls (n = 17); Z)I-
IUdR injection alone (n = 12); 3) Irradiation alo(lb Gy) on day fourteen after implantation
(n = 8); 4)™'-IUdR plus irradiation (15 Gy), on day fourteerteafimplantation and 24 h

after completion of the infusion (n = 10).



inserm-00410444, version 1 - 12 Sep 2011

2.5. Evaluation of tumor growth by means of Computed Tomography (CT)

Tumor growth was assessed by SRCT (Rousseau, Bphdtaveet al., 2007) in a subset
of animals, 15 to 18 days after tumor implantatiGi. images were acquired with 35 keV
monochromatic X-rays after tail vein injection ofiL of pre-warmed (37°C) iodinated
contrast agent (lomerBniodine concentration: 350 mg/mL), followed by 1 rof NaCl.
Three-dimensional axial SRCT images (1 mm slicekiiess, 1 mm spacing) were acquired,
starting 5 to 10 minutes after completion of the iiodine infusion. The detector used in this
study was made of high-purity germanium, segmemted432 elements with 0.35 mm pixel
size (Eurisys Mesur8sLingolsheim, France). Image reconstruction wasopmed using the
SNARKS89 filtered back projection algorithm (Hermah al., 1989). The images were
analyzed using IDL processing software (Interachata Languadg Research Systems Inc.,
Boulder, Colorado, U.S.A.).

The iodine concentrations in all voxels of thegdttain were estimated using:

_ (IJ- _“0)
cC =———=

[,

where:
= ¢ [g/mL] is the iodine concentration,
= p [cm] is the linear attenuation coefficient measuredhia SRCT images after
iodine infusion,
= o [cm!] is the linear attenuation coefficient of rat loréissue without iodine,

Ho Was measured in several region of interest @.3149 + 0.0001 cthat 35 keV.

(Wp)e, is the iodine mass attenuation coefficient at gyeE; in this study
(W/P)askev, = 31.23 [cni/g].

The images were acquired ~ 5 min after the boljection. The tumor size index was
computed by a semi-automatic technique. A regiomtefest (ROI) was grown starting from
a seed of voxels that had a value exceeding a giweshold. This was defined as the
contralateral brain attenuation coefficient plugétimes the noise amplitude. The skull bone
(1 = 0.68 crif) was automatically subtracted from the ROI by wimgl an upper threshold of
0.46 cnt, a value that empirically never reached the turaad corresponded to an iodine
concentration >11.5 mg/mL. The ROIs were visualigpected before being included in the

calculation of tumor volume.
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2.6. Health monitoring of the animals and statistical analysis

Rats were followed after treatment by weighing théaily and monitoring their food
intake, external appearance and locomotion. Thebgmation of sustained weight loss, ataxia,
and peri-orbital haemorrhage (Redgeteal., 1991) indicated that death was imminent, and
such animals were euthanized by intracardiac igeatf Dolethaf (1 mL/kg) (Vetoquinol,
Lure, France). The survival time was calculated dnyding one day to the date of
euthanization. Kaplan-Meier survival curves werettgld and pairwise comparisons were
made using the Mantel-Cox log rank test (JMP, SASitute Inc., Cary, NC, U.S.A). In
addition, the percent increase life spans (ILSjtret to the MST and MeST of the untreated

control group were computed.

2.7. Histopathology

Following death or euthanization, the brains ofrats were removed and then fixed in
10% buffered formalin. Following fixation, they veecut coronally at the level of the optic
chiasm and 2 mm anterior and posterior to it. Slwere embedded in paraffin, sectioned at 4
pm, stained with hematoxylin and eosin (H&E), aneint examined microscopically to assess
histopathologic changes. The tumor size index (Mgp determined from H&E stained
coronal sections, using a semi-quantitative gradicegje ranging from 0 to 4. Each section
was scored as follows: 0, no tumor; 1, very snial (microscopic, <1 mm); 2, small (~1-3

mm); 3, large (~4-7 mm); and 4, massive (>8 mm).

3. Results
3.1. In vivo uptake of IUdR in F98 tumor-bearing rats

3.1.1. ICP-MS

Tissular accumulation of iodine in an F98 tumorsbearat brain infused with 20 mg/mL
of IUdR for 6 days at JuL/h is shown in Figure 1. Three samples (2 mm thiok the
ispislateral brain were cuf?2 mm rostal and caudal to the site of infusion. TiEximum
amount of iodine was found in sections correspanpdnthe tumor site. Concentration for
iodine was 6.04, 15.53 and 35.71 pg/g (dry weigim)the tumor volumes 1, 2 and 3,
respectively. The corresponding values for ipsilt@on tumor area) and contralateral brain

were 2.45 and 0.04 pg/g, respectively.
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3.1.2. Nano-SIMS

Sections stained with toluidine blue (Fig. 2a) wased to control the quality of the blocks
and to locate targeted tumor cells for further gsial Ultrastructural details like the nuclei,
nucleoli, nuclear envelopes and intracellular dtres are visible on CNmage (Fig. 2b).
The P image is representative of phosphorylated macrecutds, corresponding mainly to
nucleic acids, and permits to identify mainly theckei (Fig. 2c¢). The location of S atoms
(Fig. 2d) corresponds mostly to the location oftgirts in the cell (cytoplasm, nucleus and
mostly membranes). Detection of iodine is presented Figure 2e. The simultaneous
detection of CN P and S ions permits to identify the location of iodine the cells. It
appears that iodine is aggregated only in the nu€lethermore, iodine is accumulated in
condensed chromatin located on the internal nuchesnbrane. No iodine was detected either

in the cytoplasm or in the extracellular medium.

3.2. Therapeutic response

The survival data are summarized in Table 1. Intpkion of 16 F98 glioma cells resulted
in the death of all untreated animals. The corredpm Kaplan-Meier plots are shown in Fig.
3. The proportional hazards assumption was chebkecbmparing the 4 groups overall (a
single log-rank test for the 4 curves, p < 0.00he statistical tests results are summarized in
Table 2. The MeSTs of untreated rats (24 d) andethbat receive?’l-IUdR alone (32 d)
were significantly different (p = 0.002). The MeSH¥ rats that received?-IUdR in
combination with X-irradiation (46 d), however, wast statistically different (p = 0.104)
from that of rats treated witi’I-IlUdR alone (32 d). The log-rank test was not usetbst the
difference betweetf1-lUdR in combination with radiation and irradiati@lone (MeST = 44
d), since the survival plots crossed each othesulth cases the log-rank test is unlikely to
detect differences between groups (Klein & Moesoipe 2003).

3.3. Computed tomographic imaging

CT images of two representative animals are showfig. 4 (slice thickness: 1 mm, rats
imaged 17 or 18 d after tumor implantation). Th@&du was clearly visible on 6 CT scans of
an untreated animal (Fig. 4A) with a tumor size-df80 mni. On the other hand, the tumor
was not detectable when the rats received IUdRealmratment over 6 days (Fig. 4B). The
tumor volumes were calculated in a subset numbemmimals in each group. All the
treatments: chemotherapy alone, irradiation alonegheir combination lead to a decrease of

the tumor growth as shown in Fig. 5.
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3.4. Neuropathologic evalutation

Untreated control rats had large, (TSI = 3.4) higihvasive tumors that had the
characteristic appearance of the F98 glioma (Clenwlet al., 1990). Animals that received
127.|JUdR alone, administered by AlZebsmotic pumps, generally had smaller tumors (TSI =
2.33) with one out of eight rats being tumor fré€be brain of this animal had a microscopic
porencephalic cyst surrounded by atypical non-fmalting tumor cells in the white matter.
Another animal had a tumor, as well as an abscesspased of polymorphonuclear
leukocytes and macrophages. Rats that receffetUdR administered by Alz&t osmotic
pumps, in combination with a single 15 Gy dose afr&diation all had tumors (TSI = 3.0).
Many of these were subcortical, and a few extendedthe leptomeningeal space. A small
brain abscess, not contiguous with the tumor, weas $ the brain of one rat. There were no

changes suggestive of either a drug or radiatitacef

4. Discussion

In the present study, we have evaluated prolonged imfusion of **I-lUdR as a
radiosensitizer for iodine-enhanced SSR. Augeramsss can be induced by photo-activation
of stable iodine with an external X-ray beam tuaéthe appropriate energy (Fairchédal.,
1982, Karnast al., 2001, Karna®t al., 1999), providing that a sufficient amount of ioeli
has been incorporated in the tumor cells. In aolditsince Auger electrons have a relatively
short paths in tissue (Karnetsal., 2001, Moiseenket al., 2002), the iodine atoms have to be
located close to nucleus.

Karnaset al. have evaluated the macroscopic dose-enhanceaten{defined as the ratio
of mass energy absorption coefficients for IUdR-DiAthat of DNA) for monoenergetic X-
rays and for varying levels of thymidine substiati For 50 keV X-rays, they found a dose-
enhancement ratio of 2, with 20% thymidine replagetr{(Karnast al., 1999). Then vitro
results that we obtained in a previous study (Cetdad., 2004) were found to be in good
agreement with those theoretical dose-enhancensimations. Recently, Karnas and his
collaborators have used Monte Carlo methods to irtbdanitial DNA damages from Auger
electron emission from stable iodine atoms incafeat in DNA (Karnagt al., 2001). Using
50 keV X-rays and 20% thymidine substitution, tlesyimated the number of double strand
breaks (DSBs) from Auger cascades to be 1.86 pem@omparison with the usual yields of
DSBs for X-ray irradiation of about 30 DSBs/Gy @eret al., 1998), the number of initial
DSBs due to Auger cascades is quite small, of tderoof 10%, but the complex nature of

these DSBs is supposed to make them difficult paire
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In the present study, the average iodine concémrait the tumor area was 19 ug/g (dry
weight) measured by ICP-MS. This is about 500 arin@s more than in the contralateral
brain and ipsilateral brain, respectively. We vedfby Nano-SIMS that the iodine was
mainly accumulated in the cell nuclei. Using praed infusion of IUdR, we expected to
obtain about 20% of thymidine replacement by IUdRwWrenceet al., 1990, Rodrigueet al.,
1994). The main endpoint of this study was the grgation in the survival time of F98
glioma-bearing rats following treatmerit/l-lUdR alone significantly improved the MeST
compared to untreated controls (32 d versus 24=0002). CT images taken on day 18
following tumor implantation showed almost compldisappearance of the tumor following
12.JUdR administration. Unexpectedly, the combinatiaf **/I-IlUdR with X-irradiation, did
not significantly improve the MeST compared to ¥aitiation alone of*'I-lUdR alone (92%
ILS, 83% ILS, and 33% ILS, respectively). Twentyqent of the animals that received IUdR
and X-irradiation survived longer than the irradatgroup, but there was only an 8%
difference in %ILS. A few rats in the group thate®ed*1-lUdR + X-irradiation died
before the first animals in the X-irradiation alogmup, suggesting enhanced toxicity of the
combination.

These results can be compared with those reporedhé literature, using either
radioactive®1-IUdR or the photo-activation of stable IUdR. TAeger effect produced by
129 is however different from the Auger effect indddey K shell ionization of stable iodine,
as in the present work. The Auger effect’this indeed a double effect. The first results from
the electron capture by the nucleus (in excessaibps) that induces a K shell vacancy, and
the second from the internal conversion of the ltegunuclei (Tellurium), resulting in a
gamma ray emission that will trigger again the Augféect. Hence the Auger effect iffl is
much stronger in energy release and in the numbemdted electrons than the Auger effect
resulting from the inner-shell excitation of stalddine.

Kassis et al. evaluated the therapeutic potential of Auger tebec therapy using
radioactive®-IUdR in rats bearing intracerebral 9L gliosarcortratheir study*3 -IlUdR
was infused i.c. (10Qu/week, 238uCi in 86 pl) over 6 d, using Alzét osmotic pumps
(Kassiset al., 1998). The MeST of rats treated witA-lUdR was 28.5 d, which was slightly,
but not significantly longer (p = 0.07) than thatontrol animals (24 d). However, even with
a22% ILS , 10% of the animals survived >65 d. Ehame few studies dealing with i.c. tumor
treated with stable IUdR in combination with irratibn (Deutsclet al., 1989, Harringtoret
al., 2004, Kinsellaet al., 1987, Kinsellat al., 1998, Williamset al., 1997, Mairset al., 2000,
Deutschet al., 1990). Deutsclet al. reported on the efficacy of IUdR as a radioséeresit
when administered into the cerebral spinal fluidhe lateral ventricles of 9L gliosarcoma-

bearing rats. In their study, radiotherapy wasveedd over the entire brain in three, 8 Gy
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fractions, delivered on days 4, 6 and 7 followiigtdmor implantation. IUdR (8.4 mg) was
administered via osmotic pumps over 7 days, beggoin the day of tumor implantation.
There was a slight but not statistically significarcrease in MeST of treated animals (21.5 d
for IUdAR alone and 19.5 d for radiotherapy alon@npared to untreated controls (16.9 d).
The combination of radiation and infusion of IUdigrgficantly enhanced the MeST (30.5 d)
compared to all the other groups (Deutscal., 1990). Harringtoret al. have reported on the
effects of radiation therapy witH®'Cs in combination with various schedules of
administration of free IUdR or pegylated liposofiatiR (PLIUdR) for the treatment of KB
xenografts in nude mice (Harringta al., 2004). They showed that when PLIUdAR was
delivered by a prolonged infusion schedule over(4&8mg/kg), the therapeutic effect of a
single 4.5 Gy fraction, but not for 9 Gy radioth®ra significantly improved survival.
Survival was further enhanced using fractionatedlJBR-"'Cs radiotherapy, compared to
radiotherapy alone. Similarly, Doirogt al. used bromodeoxyuridine (BUdR), another Thd
analog. They reported that there was no radioseasitn following a single 16.5 Gy dose in
the murine RIF-1 tumor model after intratumoral @&ustration of BUdR polymer. On the
other hand, significant radiosensitization was ok following fractionated irradiation
(*®Co gamma rays) when the BUdR polymer was implaBtddrior to the first dose (Doiron
etal., 1999).

Using the same tumor model and extracellular iodisea radio-enhancer (Adaghal.,
2006), we obtained survival data similar to thosported in the present study. Rats that
received i.v. iodine and intracarotid mannitol iontination with a single 50 keV, 15 Gy
dose of X-irradiation had a longer MeST than ths madiated without iodine (26 d, 46 d,
54d and 71 d, for untreated animals, irradiatitane or in combination with i.v. and
intracarotid injections, respectively). In companswith the 15 Gy irradiation alone group,
the MeSTs were significantly different only for riatarotid infusion (p = 0.2 and p = 0.004
for i.v. and intracarotid injections, respectivelyfhe use of stable IUdR rather than
radioactive IUdR could be advantageous for pratgcgurrounding normal brain. Although
radioactive IUdR therapy can specifically targehaz cells, it also damages other tissues
that take up the radionucleotide. The use of st with an external beam would lead to
larger irradiation fields, but would be limited ttie organs present in these fields. The photo-
activation of IUdR theoretically generates addiéibdouble strand breaks in DNA (Terrissol
et al., 2004). However, it is difficult to differentiat® vivo between the chemotherapeutic
effect of IUdR and the interaction of X-rays on thdine atoms. The chemotherapeutic effect
of IUdR observed in this study is important (Talb)eand might mask the Auger effect. The
cause of the early deaths observed in the growatefthat received the combination of IUdR
and radiotherapy also requires further investigatidn conclusion, although the

chemotherapeutic effect of prolonged infusiortdfIUdR produced significant prolongation
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in MeST, the addition of X-ray radiation did notrthier improve survival. These findings
suggest that additional studies are needed to zgtithis chemoradiotherapeutic approach

for the treatment of brain tumors.
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Table 1  Survival times of F98 glioma-bearing rats after chemo-radiotherapy. **1UdR (20 mg/mL)
was injected by the means of osmotic pumps stagimgay 7 after tumor implantation. The infusion
lasted for 6 days, at a rate ofill/h. Radiotherapy (single fraction of 15 Gy), wasigered on day 14

after inoculation of 1000 F98 glioma cellsSE is the standard error of the mean.

Survival time (days) ILS
Group
Survival Range  Mean £ SE* Median Mean Median
Untreated (n=17) 18-29 23+1 24 - -
21UdR (n=12) 17-54 35+4 32 52% 33%
Irradiation 15 Gy (n=8) 31-57 44 +3 44 91% 83%
12UdR + Irradiation 15 Gy (n=10) 18-69 44 +6 46 91% 92%

Table 2  Log-Rank and Wilcoxon statistical tests results. * N.A.: Not applicable. The tests were not
performed since the survival plots cross each otnethat case they are unlikely to detect diffeesn

between groups.

Statistical test
Groups comparison

Log-Rank  Wilcoxon

IUdR / Untreated 0.002 0.013
X/ Untreated <0.001 <0.001
IUdR + X / Untreated <0.001 0.003
IUdR + X/ IUdR 0.104 0.213

IUdR + X / X N.A.# N.A.#
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Figure captions

Figure 1 Tissular accumulation of iodine measured by ICP-MS. lodine concentrations (ug/g dry
weight) were measured in a F98 tumor-bearing @inbnfused with 20 mg/mL of IUdR for 6 days at
1 uL/h. Three contiguous, 2 mm coronal sections ofiplsdateral brain were taken from the tumor
area, the second one being located at the injesiierfTumor 2*). The fourth section was taken from
ipsilateral tumor-bearing right hemisphere at fitee &f tumor implantation, and the last was takemf

the contralateral, non-tumor bearing, left, cerebeanisphere.

Figure 2 lodine location at the subcellular level determined by Nano-SIMS analysis. The F98
glioma-bearing rat received an intratumoral in@ctof IUdR during 6 days by the means of osmotic
pump. Panel (a), corresponds to a light microsaagy of a brain section stained with toluidine blue
The underlined part in panel (a) is the tumor beaga chosen for Nano-SIMS analysis. The panels (b)
(c), (d) and (e) represent the corresponding NadMBanalysis of respectively CNP, S and I ions

in this tumor brain area. Grey scale: white is esponding to low concentrations or absence ofahe i

detected; black is corresponding to high concentratof the ion detected.

Figure 3 Kaplan Meier survival curves for F98 glioma-bearing rats after chemo-radiotherapy.

Survival times in days after tumor implantation édeen plotted for untreated animad} {nfusion of
121UdR with osmotic pump 20 mg/mL alond}, irradiation alone (single fraction of 15 G¥JIY, or

in combination with?’IUdR delivered by osmotic pump 20 mg/mill). IUdR was administered for 6
days starting 7 days after tumor implantation. }-dase was delivered in a single fraction on day 14
after tumor implantation. Note: in the IUdR gro@mats died at the anesthesia and were not included

in the analysis.

Figure 4 Synchrotron Computed Tomography. Ten consecutive CT images (slice thickness: 1fm)
the rat head of two representative animals: A) éatrd animal, imaged 18 days after tumor
implantation, survival time: 21 days; the tumoclisarly visible on six slices with a tumor size éxdof
=180 mni. B) Group “IUdR alone”; imaged on day"@fter tumor implantation; survival time: 51
days. The tumor was no longer detectable after |diision over 6 days (B), even with an optimized

gray level windowing.

Figure 5 Tumor growth versustime for the different treatments. Tumor volumes measured using the
CT images for a subset of rats in each group: @tggkanimalsX) n = 11, infusion of?IUdR with
osmotic pump 20 mg/mL aloné&\() n = 6, irradiation alone (single fraction of 1§)&[1) n =5, orin
combination with?JUdR with osmotic pump 20 mg/mUM) n = 5. IUdR was administrated for 6 days
starting 7 days after tumor implantation. The lhoeresponds to an exponential fit of the “untreated

group” survival data.
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Figure 1 Tissular accumulation of iodine measured by ICP-MS. lodine concentrations (ug/g dry
weight) were measured in a F98 tumor-bearing @inbnfused with 20 mg/mL of IUdR for 6 days at
1 pL/h. Three contiguous, 2 mm coronal sections ofiplsédateral brain were taken from the tumor
area, the second one being located at the injestierfTumor 2*). The fourth section was taken from
ipsilateral tumor-bearing right hemisphere at tite af tumor implantation, and the last was takemrf
the contralateral, non-tumor bearing, left, cerebeanisphere.
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Figure 2 lodine location at the subcellular level determined by Nano-SIMS analysis. The F98 glioma-bearing rat received an intratutniojaction of [IUdR during 6 days
by the means of osmotic pump. Panel (a), corresptind light microscopy view of a brain sectioriretd with toluidine blue. The underlined part imph(a) is the tumor
brain area chosen for Nano-SIMS analysis. The gabgl (c), (d) and (e) represent the corresponiiaugo-SIMS analysis of respectively CN, S and [ ions in this

tumor brain area. Grey scale: white is correspaptbriow concentrations or absence of the ion detedlack is corresponding to high concentratiofiihie ion detected.

| 10 microns
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Figure 3 Kaplan Meier survival curves for F98 glioma-bearing rats after chemo-radiotherapy.

Survival times in days after tumor implantation édeen plotted for untreated animad} {nfusion of
21UdR with osmotic pump 20 mg/mL alon&\j, irradiation alone (single fraction of 15 Gy, or

in combination with?IUdR delivered by osmotic pump 20 mg/mill). IUdR was administered for 6
days starting 7 days after tumor implantation. }-dase was delivered in a single fraction on day 14
after tumor implantation. Note: in the IUdR gro@mats died at the anesthesia and were not included

in the analysis.
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Figure 4 Synchrotron Computed Tomography. Ten consecutive CT images (slice thickness: 1ofm)
the rat head of two representative animals: A) éattrd animal, imaged 18 days after tumor
implantation, survival time: 21 days; the tumoclsarly visible on six slices with a tumor size éxdof
=180 mni. B) Group “IUdR alone”; imaged on day"@fter tumor implantation; survival time: 51
days. The tumor was no longer detectable after |udiision over 6 days (B), even with an optimized

gray level windowing.
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Figure 5 Tumor growth versustime for the different treatments. Tumor volumes measured using the
CT images for a subset of rats in each group: @tggkanimals) n = 11, infusion of?1UdR with
osmotic pump 20 mg/mL aloné\() n = 6, irradiation alone (single fraction of 1§)&[1) n =5, orin
combination with?JUdR with osmotic pump 20 mg/mUM) n = 5. IUdR was administrated for 6 days
starting 7 days after tumor implantation. The ldoeresponds to an exponential fit of the “untreated

group” survival data.

. Untreated animals
Tumor Volume = e0.2977 x Time _
2 _
250 R°=0.9763
g T
e 200
£
g -
= 150
(@]
>
6 -
E 100
50 | i
p
)] S ‘ |
0 S 10 15 o
Time [days]




